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Abstract
Taking cues from natural creatures and systems is becoming a more widely used
technique in engineering design. This design philosophy or technique is referred to
as bioinspired design or biomimicry. Prior art has focused on problem-driven and
solution-based bioinspired process without reflection upon the nature of the engineer-
ing challenges to which the technique is being applied, or the motives for applying this
design philosophy. After interviewing nine researchers from six different laboratories
at MIT about bioinspired design projects and processes, some commonalities and
differences in bioinspired design process were observed. This thesis generalizes these
observations to propose four unique bioinspired design processes, each tailored to one
of the following: problem-driven low-complexity systems, problem-driven complex
systems, inspiration-driven low-complexity systems and inspiration-driven complex
systems. The steps of visualization, data extraction, modeling, optimization, design
and fabrication are detailed, with the aim of guiding designers away from commonly
encountered problems. Additionally, it was found that relationships between biolo-
gists and engineers can be strained by differing goals, timelines and vocabulary, but
that engineers applying bioinspired design techniques find these relationships to be
valuable and seek to strengthen them.
Thesis Supervisor: Sangbae Kim
Title: Edgerton Career Development Assistant Professor
Thesis Supervisor: David R. Wallace
Title: Professor, MacVicar Faculty Fellow
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Chapter 1
Introduction
Modern interdisciplinary culture in engineering and science generate new terms such
as bioinspired engineering and biomimicry. Both generally refer to a project influenced
by nature [271. But by how much and in what way? Biomimcry implies mimicking
nature to the best of the designer's ability without a specific purpose, while the term
bioinspiration leaves room for the designer to deviate from the natural system. The
term plays to the strengths of engineers, giving them the flexibility to pick and choose
inspirations in order to meet their project specifications and goals. This thesis focuses
on the development of four design processes for bioinspired engineering whose purpose
is to aid designers in reaching their objectives.
Robust bioinspired design processes are needed because bioinspired design is prac-
ticed more today than ever before. This trend is enabled by new manufacturing tech-
niques, sensors and better ways of observing natural systems. Although bioinspired
design is more common today, historic examples of bioinspired engineering exist.
One early example, foreshadowed by Da Vinci's sketches, is flight [26]. The tech-
nology available to DaVinci prevented the construction of a flying machine in his
time, but in 1903, over 400 years later, the Wright Brothers achieved flight. One
thing the Wright Brothers did very successfully was abandon concepts imitating a
bird in favor of concepts that worked, taking only the most necessary principles to
reach their goal. Flight as the Wright Brothers engineered it did not have much in
common with flight in the natural world and is a high level example of bioinspired
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design.
More recently, the automation company, Festo, has built the BionicOpter, a highly
maneuverable flying machine based on the dragonfly, and SmartBird, an agile flying
robot based on a herring gull [13, 14]. Both of these machines more closely mimic
nature than the airplane, but neither BionicOpter nor SmartBird can carry the weight
of hundreds of humans. In the future, designers might create a way for flapping-wing
flight to carry people long distances with lower energy costs than current methods or
something else altogether, but the point is that bioinspired design appeals to engineers
because it can stimulate new designs with new possibilities.
It is recognized as an innovative technique by many, but is generally practiced
without structure [8]. Current processes for bioinspired design are very broad and
do not give attention to the steps necessary to fabricate a design. Using information
from interviews with researchers engaged in bioinspired design at MIT, this thesis
develops four different design processes. They have been tailored for projects that
range from the simple to the complex and from the problem-driven to the inspiration-
driven. Steps that are shared amongst all four processes are explored in greater detail
with the intent to guide designers away from commonly experienced problems. Also
examined is the relationship between engineers and biologists, which is important to,
but can be strained by, bioinspired design projects.
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Chapter 2
Background
The most comprehensive prior art on the bioinspired design process focuses on projects
undertaken by students in a class at Georgia Tech and a comparative analysis study
of six design methods- including the two methods resulting from the Georgia Tech
study. The design processes in this thesis, presented in Section 4.1, builds upon this
prior work, BioTRIZ , functional modeling and keyword searches are biological design
tools, which have been recently developed and can be incorporated into the bioin-
spired design process, but should not replace it. Finally, analogical reasoning is one
of the underpinnings of bioinspired design, but the examples that a designer draws
upon greatly effect the novelty of the designs.
2.1 Problem & Solution Driven Approaches
Researchers at Georgia Tech did a study where they observed an undergraduate class
of 45 students. The class was project-based and involved teams of 4-5 students (mostly
seniors) working on bioinspired designs. From this study, two six-step processes
for biologically inspired design were delineated, one for problem-driven and one for
solution-driven approaches [10]. This thesis builds upon their work, but focuses on
research projects rather than class projects. In the Georgia Tech class, the students
did not build prototypes, so the design for fabrication, fabrication itself and testing
are not emphasized the design process. These steps are crucial in most real-world
15
projects where developing a physical device is the ultimate goal.
The bioinspired design processes in this thesis maintain the two categories (solution-
driven and problem-driven) of design, but the solution-driven approach is renamed
the inspiration-driven approach, to emphasize that the engineer must arrive at the
solution to the problem and biology can only inspire or suggest those solutions.
2.2 Comparative Analysis of Methods
Coelho and Versos analyzed the two approaches in Section 2.1, the BioTRIZ method,
mentioned in Section 2.3.1 and three other design methods. They were compared on
the criteria of whether they supported form optimization, organizational effectiveness,
multiple requirements satisfaction and paradigm innovation for improved functional
performance [6].
All methods supported paradigm innovation for improved functional performance
because all had existing procedures for seeking analogies between nature and engi-
neering. The other criteria varied depending on the process. The design processes
for complex systems presented in this thesis would probably meet all the criteria of
Coelho and Versos, but the process for simple systems would fall short. The need for
form optimization, multiple requirements satisfaction and organizational effectiveness
would seem to vary from project to project. The designers may choose include these
needs in the process by including them in the problem definition.
2.3 BioTRIZ, Functional Modeling & Other Tools
2.3.1 BioTRIZ
BioTRIZ is based upon the Russian Theory of Inventive Problem Solving (TRIZ)
developed by Altschuller [27]. TRIZ is a tool that helps designers reframe a problem
in terms of 39 system parameters and find solutions to design challenges . The
parameters are arranged into a 39 by 39 "contradiction matrix". Each cell in the
matrix contains inventive principles that have been used to solve the conflict between
16
the two system parameters that correspond to that cell. BioTRIZ was tailored to
bioinspired design by Dr. Vincent of the University at Bath and works in a similar
way to TRIZ [27]. While the inventive principles or solutions in the TRIZ matrix are
based on a survey of patents, BioTRIZ inventive principles are based on a survey of
500 biological phenomena [27].
Vincent notes that the ability to perform bioinspired design is limited by the
information and data biologists have provided [27]. He created BioTRIZ as a way to
eliminate the search for biological systems and the dependency of engineers on papers
written by biologists. He instead suggests that designers use BioTRIZ to move from
the problem straight principles extracted from biological phenomena, so BioTRIZ is
a very indirect form of bioinspired design [27].
BioTRIZ could be a helpful tool for a stumped designer doing problem-driven
design, but there is a strong benefit to designers learning about biological systems
firsthand. Learning firsthand is part of the "adventitious approach", as Vincent calls
it [26]. There is a snowball effect where designers studying organisms learn about
new organisms and new ways of looking at old ones, which fuels future projects
[12, 3, 11, 22]. Bioinspired design begets more bioinspired design. For this reason,
this thesis views BioTRIZ as a tool, something to consult during the problem-driven
design process, but not as a replacement for the bioinspired design process itself.
2.3.2 Functional Modeling
Functional modeling, or functional basis, was a method originally developed by Pahl
and Beitz. Functional modeling is a way of breaking a problem down into pieces
and describing it by what it does rather than what it is. Through work with bioin-
spired sensors, Nagel et al. developed steps to perform functional models of biological
systems, they are: [20]
1. Identify a good reference (e.g. biology text book) for the biological
system of interest.
2. Read the overview of the biological system to understand the core
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functionality of the system.
3. Define the research question the functional model aims to answer.
4. Define the category of the functional model.
5. Define the desired scale of the model.
6. Develop a functional model of the biological system using the func-
tional basis modeling language within the bounds set by the design
question, biological category, and biological scale.
7. Double-check and/or validate the functional model against the design
question and black box model.
Functional modeling is a tool that would be useful for the inspiration-driven pro-
cess. A functional model could be one of many types of models that could be used
in the modeling stage of the extract principles step. Modeling is discussed further in
Section 4.3.1
Functional modeling is a more open-ended and flexible tool than BioTRIZ. In a
case study done by Glier et al., working professionals in a weekend-long workshop at
Texas Tech University were much more successful using BioTriz than the combination
of functional modeling in conjunction and bio-keyword search (keyword search tools
are discussed in Section 2.3.3) [8]. The researchers note that the functional modeling
process has more possible design outcomes than the constrained BioTRIZ system,
but that it is harder to learn and takes longer to execute. BioTRIZ and functional
modeling are difficult tools to compare because BioTRIZ starts with a problem and
thus is suited the problem-driven process, while functional modeling of biological
systems starts with the biological system itself and thus would be more suited for the
inspiration-driven process.
2.3.3 Other tools
As bioinspired design increases in popularity, researchers are building bio-keyword
search tools for designers to use. One tool is an "engineering-to-biology thesaurus",
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which can be used to translate between functional model vocabulary and biologi-
cal vocabulary [19]. A different tool, developed by the Biomimetics for Innovation
and Design Laboratory at the University of Toronto, was created to bridge the gap
between the glossary of a biology textbook and the glossary of an engineering text-
book. The search tool has been incorporated into WordNet, which is an electronic
lexical database [8]. A third tool is AskNature.org. It sorts organisms by engineering
function, rather than biological classification and that makes it very helpful [11].
2.4 Analogical Reasoning
Analogical design uses analogies to propose solutions to design problems [9]. Analog-
ical reasoning requires generic abstractions that describe the relationships between
generic types of objects and processes [9]. Currently in development are artificial
intelligence systems meant to perform analogical reasoning for the designer. The
AI systems being built on analogical design principles have similar shortcomings to
BioTRIZ. They are limited in scope and application; however, analogical design as a
concept plays a large role in bioinspired design through designers looking at biological
examples and translating them to engineering solutions.
Designers introduce themselves to biological examples through literature, televi-
sion shows and databases like AskNature.org. Chrysikou and Weisberg found that
designers, once introduced to an example, become fixated and will attempt to replicate
the example even if it has problematic elements. However, if instructions specifically
say to avoid problematic features, the fixation behavior is diminished [5].
A study by Wilson and Rosen found that exposing designers to biological examples
in idea generation increases the novelty of design ideas and does not inhibit the
variety of ideas or cause fixation. On the other hand, human-engineered examples
resulted in decreased variety [29]. Perhaps the biological examples are less likely to
cause fixation and lead to greater novelty because they are so dissimilar from the
engineering problem being solved. The examples used in the study by Chrysikou and
Weisberg fall into the category of similar examples, which may have led to fixation
19
occurring. As a precaution against fixation, this thesis directs designers to look at
many biological systems and to focus on principles rather than direct copying of an
organism.
Finally, in the study of the students at Georgia Tech, as mentioned in Section 2.1,
the researchers found that two-thirds of projects used compound analogies, which is
when different sources of biological inspiration are used in one project [25]. Having
a design process that enables the use of compound analogies is important since the
analogical technique is so common. The problem-driven approach for complex sys-
tems, discussed in Section 4.1.4, breaks the problem into subsystems and components.
There is an opportunity, when the problem is broken down, to do a biological search
and find inspiration for just one component or subsystem. In this way, the design
process developed in this thesis does support compound analogies.
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Chapter 3
Interviews
All interviews were conducted with researchers at MIT. This was due to budget con-
straints, time constraints and constraints imposed by the professional network of the
author. The interviewees were chosen based on both their projects and their availabil-
ity for an interview. All interviewees had built or partially built at least one project
that the author considered bioinspired. Interviews started with the question of "What
projects have you worked on that you would considered bioinspired?" Unsurprisingly,
all interviewees had at least one, if not multiple projects to discuss.
There are many other projects around the world that could provide further insight.
It could even be interesting to look at the contrast between European and American
bioinspired design processes. Continuing interviewing and observing groups doing
bioinspired design could provide more insight and add to the design processes pro-
posed in this thesis.
Of the six interviews conducted, three were with MIT professors and three were
with graduate students, post-doctoral associates and research assistants. Of the fac-
ulty members, two were members of the MIT Department of Mechanical Engineering
and one was a biophysicist in the MIT Department of Mathematics. Of the gradu-
ate students and research assistants, one was in the MIT Department of Mechanical
Engineering and the other nine were members of the MIT Media Lab, which is an
interdisciplinary collection of laboratories. The members of the Media Lab ranged
from architects to computer scientists to mechanical engineers to biomedical engi-
21
Name Title Laboratory Dept.
Anette "Peko" Hosoi Professor Hosoi Group[24] MechE
Sangbae Kim Professor Biomimetic Robotics Lab[16] MechE
John Bush Professor Applied Math Laboratory[2] Math
Adam Paxson PhD Candi- Varanasi Group[1] MechE
date
Jared Laucks, Research Mediated Matter[18] Media Lab
Markus Kayser, Assistants
Carlos Gonzalez and Master's
Uribe Candidate
Elliot Rouse, Post-Doctoral Biomechatronics Group[17] Media Lab
Oliver Kannape, Associates,
Michael Eilenberg, PhD Candi-
Arthur Petron, Reza dates, Visit-
Safai-Naeeni, Luke ing Student
Mooney and Master's
Candidate
Table 3.1: This is a summary of people interviewed.
neers. Four interviews were one-on-one and two were with groups of researchers from
the same laboratory. This information is summarized in Table 3.1.
These interviews were transcribed and the quotes were grouped by category for
analysis. The questions asked during the interviews are included in Appendix A. The
interview with the biophysicist had its own set of questions, with some overlap with
the engineering questions because the biophysicist did not directly engineer anything.
John Bush plays a supporting or enabling role in bioinspired engineering and often
he is the bridge between biologists and engineers. He will do the experimentation
and principle extraction to some extent. Even the questions asked to engineers did
vary from group to group since the projects themselves were very different, but the
included lists are somewhat representative of the general approach.
The projects discussed in interviews included:
" Robosnail, a wall climbing robot [11]
" RoboClam, a robot for anchoring autonomous underwater vehicles to the sea
floor [11]
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" iSprawl, a cockroach inspired robot [15]
" StickyBot, a gecko inspired robot [15]
" MIT Cheetah, a cheetah inspired robot [15]
" Meshworm, an earthworm inspired robot [15]
" Spinybot, an insect inspired robot [15]
" research on drinking mechanisms [3]
" research on water striders [3]
" research on fast movement in plants [3]
" hydrophobic surfaces inspired by the Namib beetle [3, 22]
" hydrophobic surfaces inspired by the lotus leaf [22]
" hydrophobic surfaces inspired by butterfly wings [22]
" prosthetic knee using series elastic actuators, inspired by the human knee [23]
" a fiber based structure, inspired by the silkworm [12]
Section 4.1 focuses on Robosnail, RoboClam, robot Cheetah and the prosthetic
knee as examples representative of four different processes.
23
24
Chapter 4
Four Design Processes & Insights
from Interviews
This chapter focuses on the bioinspired design process and insights about the process
from interviews. It was clear from the breath of projects that no single process
would fit every bioinspired project. In this chapter, projects are mapped onto axes
of bioinspired design and a design process for each quadrant is described. A more
in-depth look on steps common to all the processes is discussed in the later sections.
4.1 Four Design Processes
The dividing factors amongst projects were the impetus and the complexity of the
projects. The first factor was whether the project started with a problem and the
designer sought inspiration from biology, a problem-driven approach, or whether the
project started with inspiration from biology and then a problem was sought, an
inspiration-driven approach. This phenomenon was previously noted in a study of
students practicing bioinspired design at Georgia Tech, as mentioned in Section 2.1.
It dictated the first few steps of the design process.
Robosnail and the MIT Cheetah are both inspiration-driven projects. The student
that designed Robosnail though of the project when he saw snails climbing up the
side of a bucket [11]. The cheetah inspired the robot version of itself because it is
25
Simple
water strider 0
lotus leaf surface* roboSnail roboClam
silk worm pavilione
Inspiration-Driven ( ) Problem-Driven
iSprawlS
MeshWorm 0
SpinyBote
StickyBotS
0 knee prosthesis
robot cheetahS
Complex
Figure 4-1: Bioinspired projects range from simple to complex systems and from
inspiration-driven to problem-driven. Each quadrant uses different design processes.
the fastest land animal. On the contrary, the RoboClam was a response to the need
for a small, lightweight and low-power anchor for an autonomous underwater vehicle;
and, the Biomechatronic prosthetic knee is meant to eventually replace the currently
unsatisfactory knee prosthetics on the market [11, 23]. Both the Robosnail and the
MIT Cheetah are placed on the inspiration-driven side of the spectrum and RoboClam
and the knee prosthesis are placed problem-driven side, as shown in Fig. 4-1.
An unexpected occurrence was that for many projects, the problem and the in-
spiration strike at nearly the same time [15, 11, 23, 3]. Despite that, most of these
projects are still grouped in inspiration-driven because the problems are ill-defined in
the beginning. The knowledge that cheetahs run fast was stored in the back of the
designer's mind a long time before he decided to build a robotic cheetah. In a way,
this designer was inspired for years before he found a problem that suited it, namely
search and rescue in rough terrain. A defining trait of the projects in the inspiration-
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driven half-plane is that the projects never do a really broad search. In the case
of the MIT Cheetah, the team did a "comparative biology" search, only looking at
other legged runners and that was one of the broadest searches I encountered on the
inspiration-driven side [151. Problem-driven approaches usually cast their nets wider.
The designer of the RoboClam looked at hundreds of papers for suitable organisms
[11].
The second factor, complexity and its counterpart simplicity, depends on how
easy the project was to test in its entirety and the number of subsystems composing
the project. The lower complexity projects are not necessarily easier or faster to
complete; this thesis did not collect information on that aspect of the bioinspired
projects. Low-complexity projects have fewer components, fewer subsystems and are
more easily tested than complex projects; they do not test on humans and usually
one subsystem they lack is a control system. Because they have fewer components,
low-complexity projects are only inspired by one (or possibly two) natural phenomena.
The designer who built Robosnail could build many prototypes to test different
wave forms for locomotion [4]. The RoboClam design consisted of one straight-forward
mechanism with a few peripherals, while the MIT Cheetah team had to start with
one leg-motor assembly, test it individually and then progress to a more complete
subassembly [30, 15]. The MIT Cheetah team was only able to test their system after
many more subsystems had been completed and assembled. The Biomechatronic
Group's knee prosthetic must be reliable since it is tested by humans that could
get hurt if something goes wrong. The knee designers do force bandwidth tests and
make sure the knee falls within specifications derived from modeling data before they
test with people [23]. For a prosthetic, the human using it is an important part of
the system and adds a lot of complexity [23]. As seen in Fig. 4-1, Robosnail and
RoboClam are placed towards the simple end of the spectrum and the MIT Cheetah
and the knee prosthesis are placed towards the complex end. Figure 4-1 has Robosnail,
RoboClam, the MIT Cheetah, and the knee prosthesis, as well as a few other projects
mentioned during the interviews.
Figure 4-1 is more qualitative than quantitative. This thesis details a different
27
Inspiration-Driven Design Process for a Simple System
Search Additional
Inspiration Literature problem learning Extract Design Fabricate
search space Experiment Pninciples
and choose
Direction of Process; however feel free to iterate and repeat any part as many times as necessary
Figure 4-2: This process works for low-complexity systems that start with inspiration
from a natural system.
design process for each quadrant. As long as the project quadrant is correct, the
process will be suited for the project. When trying to place a new project in the
design space delineated by these axes, remember to consider what is instigating the
project, a problem or inspiration, as well as the ability to test and the number of
subsystems the project will have.
It must be noted that many more of the projects fall onto the inspiration-driven
side of the spectrum. This could be due to the university research setting where all
these projects were undertaken. At universities, researchers are not only developing
new technologies, but they are also trying to open up new fields. They are not required
to do things that can be commercialized immediately. It is interesting to note that
one of the problem-driven projects, RoboClam, did have a commercial sponsor. This
lopsidedness is opposite that found by Helms et al. where only four of nine projects
where solution, or inspiration, driven [10].
4.1.1 Low-Complexity Inspiration-Driven Process
The inspiration-driven process for low-complexity systems, shown in Fig. 4-2, is de-
signed for projects that fall in the upper left-hand quadrant of Fig. 4-1. They have
few subsystems and start with inspiration by a natural system.
Because of their starting point, the first step is inspiration. The second step
is a literature search. Every person and project team that I talked to mentioned
a literature search very early in the process. Even though a designer is excited and
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inspired, it is important to do this search before picking a problem so that the designer
can make an informed decision in step three, when choosing a problem.
Table B.1 has a collection of quotes about scale, and the consensus is keeping
components the same scale simplifies the problem [15, 12, 3, 23]. Understanding the
scale of the natural system is something the designer should feel confident about after
a literature review. She can then make an informed decision regarding scale-matching
criteria.
After the problem is chosen, it is likely that the designer will need more specific
information about the biological system. She can go back to the literature to learn
more or learn through her own experimentation. After getting more information, the
designer should decide which principles are key to the natural system's function or
behavior. This is a very abstract step of the process, which is discussed in a more
concrete manner in Section 4.3. Next, those guiding principles will be transferred in
the form of a design. It is important to keep in mind the fabrication processes cur-
rently available, so that the final step, fabricate, will be successful. After fabricating,
if the design does not solve the problem chosen in step three, the designer can always
iterate or repeat sections of the cycle until she is satisfied.
4.1.2 Low-Complexity Problem-Driven Process
The problem-driven process for low-complexity systems in Fig. 4-3 is very similar to
the inspiration-driven process for low-complexity systems described in Section 4.1.1.
The first half of the process is affected by the change in driving factor, but not the
second. First a problem is presented, discovered or observed, but the design process
does not really start until after the designer decides to pursue a bioinspired design
solution in the next step. This step is the only step more undefined than principle
extraction. It takes some intuition bolstered by the knowledge of what is out there.
Professor Anette "Peko" Hosoi described it as the project having a "bio-y feel to it".
That may sound silly, but there is a lot of wisdom in pre-filtering the projects, since
the next two steps can take up a lot of the designer's time before she might realize
the project is a bad fit. If the project is going to be bioinspired, then the project will
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Problem-Driven Design Process for a Simple System
Problem
presented/
dicovered
Decide
whether to
pursue BID or
not
Choose Search Compare Additional Extractprinciple to biological organisms Learning/ rici Design Fabricate
guide search space and choose Experment Principles
Direction of Process; however feel free to iterate and repeat any part as many times as necessary
Figure 4-3: This process works for low-complexity systems that start with a problem
and then seek inspiration from nature.
follow the rest of the process after the bend in the L.
The next step is to choose a principle to guide the search, which will occur in
step three. There is no point in looking at animals that fly if the problem is related
to digging in the sand (unless of course they also happen to be good at digging in
the sand). Having a principle will aid the designer in choosing which papers to read
during their search. For example, the principle could be a functional principle like
'anchors in sea bottom substrates'. This limited the scope of the literature search for
RoboClam, and yet, there were still hundreds of papers to read.
After searching the biological space, the next step is comparing the natural sys-
tems. For example, the designers of RoboClam considered "advantages and disad-
vantages energetically, as far as mechanical design, simplicity, scaling-wise" [11]. De-
signers often look for animals that stand out from the others in one or more criteria.
In the case of RoboClam, it was the Atlantic razor clam, the Ensis directus, and it
stood out for its burrowing abilities [30].
Comparing the animals is a very important step. Just because an animal can
dig, doesn't mean it will be the best digger. An example given by Professor Hosoi
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was a giraffe. A giraffe may be able to dig, but that is not the animal to mimic,
when making something that digs. Focusing on simple creatures can make it easier
to tell what the animal is best at [11]. A flying animal that digs may have a sub-
optimal configuration for a project that has no need to fly. Once a biological system
or organism is chosen, the rest of the process is the same as the inspiration-driven
process described in more detail in Sectioj 4.1.1.
In addition to some animals being better than others, all animals have to be able
to do many things that technologies do not have to do. Animals have to breathe, eat
and reproduce. Just because the designer chooses an animal that excels at digging in
the sand, it does not mean that something inspired by a backhoe could not perform
better. A rule of thumb that Anette Hosoi's lab uses, is that the inspiration must be
better than an existing solution in some facet by at least an order of magnitude [11].
This discussion is continued in Section 4.3.2.
4.1.3 Complex Inspiration-Driven Process
When looking at Fig. 4-4, the reader will notice a V-shaped process. This bioinspired
design process has been adapted from the systems engineering V. The bio-V has two
sides, the explore-and-design side on the left and the test-and-reflect side on the right.
In the center sit fabrication and iteration.
The system engineering V splits up the design step into setting system specifi-
cations, high-level design, subsystem design and detailed design. For a complicated
project it is more important to have these steps explicitly stated because it takes
more organization for everything to come together and has higher costs than a lower
complexity project when it does not. Complex projects have multiple people that
might be working on detailed design of components independently and its important
that they are working towards the same subsystem design. For the MIT Cheetah
project, different designers work on control algorithms, hardware to execute the con-
troller, motor design, tail design, sensor design, computer modeling and more. Each
of these pieces must be tested on its own before it is combined with the complemen-
tary components that form a subsystem. Each of those subsystems must be tested
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Inspiration-Driven Design Process for a Complex System
Refinement
Direction of Process; however feel free to iterate and repeat any part as many times as necessary
Figure 4-4: This process works for complex systems that start with inspiration from
a natural system.
independently, before they are combined into a whole. If one of the pieces does not
meet its specifications, it must be redesigned; that iterative process is represented by
the arrows in the center of the diagram.
Since the process depicted in Fig 4-4 in an inspiration-driven process, naturally
it begins with biological inspiration. The next step is the literature review and the
following step is the search for a relevant problem well-suited for the inspiration. This
is very similar to the inspiration-driven process for a low-complexity system. The
fourth step is setting system specifications, which is a very specific and organized
way of defining the solution to the problem. Having the specifications will be helpful
during the design stages, which are steps five, six and seven. After having laid out
the specifications, the design team should choose a high-level design based on the
biological system. For the MIT Cheetah, the high-level design is heavily influenced
by the cheetah and the functions the cheetah performs like walking, trotting and
galloping [15].
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Additional learning and extracting principles are included in the subsystem design
phase because these can be specific to each subsystem. The more detailed information
is easily missed in the literature search, such as how the muscles in a cheetah leg are
configured or the footfall pattern during the transition between a walk and a trot. The
detailed design in step seven involves designing for available fabrication techniques.
This is often a compromise between what the designer knows about the biological
system, what is possible to make and what will meet the specifications for that piece.
The left side and right side of the bio-V complement each other. For every item
on the explore and design side there is an item on the test and reflect side. When
the full system is assembled, comparing it to the inspiration will give the designer
a sense of where there is room for improvement and where they have exceeded the
capabilities of the natural system. Then the system validation step will ensure that
all the specifications were met.
Animals are very versatile, as are many other biological systems. If the project is
driven by the inspiration it is possible the final result may be versatile as well. It is
worthwhile for the designer to contemplate whether the solution has solved multiple
problems or if any of the technologies developed could be applied in other areas.
It is also important for the designer to contribute to the shared knowledge base,
especially if during the course of the project, anything about the way the biological
system works was learned. Engineers pursing bioinspired design depend on biologists'
papers and expertise, so if engineers can contribute to the field of biology in any way,
it would help balance the flow of knowledge.
The final step is to plan for future improvements or even commercialization in
some cases.
4.1.4 Complex Problem-Driven Process
Figure 4-5, the design process for a problem-driven complex system, is unsurprisingly
a combination of Fig. 4-4 and Fig. 4-3. It starts with defining the problem. With
the better understanding of the problem, the system specifications can be set. These
specifications will help the designer focus the search through biological space and
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Problem-Driven Design Process for a Complex System
Refinement
Direction of Process; however feel free to iterate and repeat any part as many times as necessary
Figure 4-5: This process works for complex systems that start with problem and then
seek inspiration from nature.
make decisions when comparing natural systems. The lower portion of the bio-V is
the same as the solution-driven complex system and was discussed in detail in the
previous section.
The counterpart of comparing natural systems on the right side of the V is to
benchmark the final result against other engineering solutions or even other natural
systems that were not chosen. As previously mentioned, contributing any relevant
findings to the field of biology is part of being a good member of the bioinspired
community. The result must be validated to make sure it meets specifications and
any improvements can be planned with the information from the benchmarking and
the validation.
This V-shaped process can work well for compound analogical design, the phe-
nomenon where a design is a combination of two or more biological systems. Because
the subsystem design step involves learning more, it is possible for the designer to
encounter a challenge when designing a subsystem and find inspiration to solve it
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that is unrelated to the high-level design.
If a component or the final result fails the testing, it is redesigned and rebuilt.
During this process, results can become more biomimetic. For example, prosthetic
knees are becoming more biomimetic as researchers strive to improve their function-
ality. Knees have progressed from using a peg, to a pin-joint, to hydraulic pistons,
to magnetorheological fluid, to series-elastic based knees, which try to replicate the
tendon-muscle architecture [231. This evolution can happen from project to project
or it can happen within one component.
4.2 Additional Learning and Experimentation
The step of additional learning appears in every process. Some resources for additional
learning specifically mentioned in interviews were Steve Vogel's books and the TV
shows like Blue Planet, Planet Earth and the Secret Life of Plants [11, 31. Other
methods would be reading more biological literature, talking to a biologist or the
designer can obtain the organism and study it directly.
There are some issues with studying organisms directly. The most common issues
are regulations surrounding vertebrates. Designers doing their own experimentation
advised using invertebrates, citing even fish as a challenging animal to get a license
for [3, 11, 22]. Every lab working with animals also mentioned that getting animals to
do what you want when you want is very difficult [3, 11, 12, 22]. High speed cameras
are a great tool, but they have a very small focal plane, which organisms can move
in and out of very easily. Water striders were an easier subject to capture on film
because they are constrained to the surface of the water [3]. During my interview
with designers studying silkworms, a silkworm repelled off the platform where the
designers wanted it to spin a cocoon and was inching away to other areas of the
testing space.
Humans might be better at taking instructions than water striders, but they were
still cited as "unpredictable and hard to work with" [23]. Arthur Petron from the
Biomechatronics lab mentioned that "their opinions change second to second and
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their bodies change minute to minute."
4.2.1 Visualization
Visualizing movement of organisms is a first step to studying them. This can be
difficult, which is why researchers use tools like high-speed cameras. RoboClam had
a hard time visualizing how clams dig because when a clam digs down into sand, it
is covered up [11]. The student working on this project overcame this obstacle by
using soda lime glass beads in a thin tank, not unlike a very sophisticated ant farm
[30]. Table B.2 has a collection of quotes related to visualizing organisms' movement.
Some designers noted it as a particularly difficult phase of their project.
4.2.2 Extract Data
Extracting data after visualizing an organism can be another challenge. Natural
systems can be difficult to measure. Many designers who were interviewed mentioned
the struggle of gathering meaningful data, some of their quotations are featured in
Tab. B.3.
Sometimes the aspects visualized do not line up with the desired information. In
the case of the silkworm, the motion tracking of the silkworm's head did not align
with the actual fiber laid down. This deficiency was compensated for by using CT
scanning and SEM imaging techniques, as well as focusing on the relationship between
head movement and fiber density rather than exact fiber location [12].
Another problem arises when the data needed does not have a visual aspect. It
would be helpful to know joint torques during movement for a cheetah, but this is not
easy to measure. Problems rooted in mechanics have a definite advantage compared
to control systems or other hard to measure systems.
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4.3 Extract Principles
Once data have been retrieved from experiments or papers, the next step is to extract
principles. This is done through modeling and optimization.
4.3.1 Model
The modeling step varies a lot in rigor depending on the project and the interests
of the designers working on the project. For some groups, having the correct model
for fluid movement around a clam is just as important as the prototype itself. In
other cases, the model is a set of relationships stated more loosely and with much
less confidence.
Aside from the interests of the researchers, this is also heavily dependent on how
well important factors like joint torques can be measured or if they must be estimated,
as well as the data available from biologists. In the case of the cheetah, "the exact
model of the animal is almost impossible [to develop with the available techniques]"
[15]. The number of degrees of freedom is so large that the group must "create an
approximate model with fewer degrees of freedom" [15].
4.3.2 Optimize
Optimization is the step where general trends are drawn from the model and those
trends are explored to discover trade-offs and find some sort of special points, like
minima or maxima in the model.
Optimization is a tricky concept because it has been argued that nature is natu-
rally superior [28]. Natural systems may very well be optimized for something, but
it is unclear what exactly. Animals are very multifunctional. A designer studying
butterflies noticed that the same scale spacing that makes butterflies look blue also
causes butterfly wings to be superhydrophobic [22]. It has a dual purpose. In the but-
terfly case, the main interest of the researcher was hyrdophobicity, so it was difficult,
but necessary to recreate the surface and find the most optimal spacing regardless of
the color it reflects.
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On the other hand, designers in the Mediated Matter group are experimenting
with the idea of nature as computation. Since a computer can only follow instructions
humans give it, the algorithm will only be as informed as the person who wrote it.
Natural systems are difficult for humans to control, as noted in the difficulties of
experiments with animals in Section 4.2, meaning we do not fully understand them.
So there may be some additional intelligence to be gained from letting the pattern of
the silkworm play a role in algorithm development for the fiber structure design.
If an organism is nearly optimized for the function that the designer wants to
perform it is like "looking in the back of the book for the answer... so it makes it
much easier to find [the] way to that design" [11]. On the other hand constraining the
solution to the biological domain can constrain your space unnecessarily [11]. A better
solution may exist using engineering technologies [15]. To succeed in optimization,
a designer must explore her model and really focus on the data, rather than trying
to build a replica of the existing organism. Focusing on function "decreas[es] the
tendency of designers to fixate on some particular physical solution" [20]. In this
case, the model and the data are representations of function.
4.4 Design & Fabrication
Biology uses fabrication methods that are not available to engineers. Nature builds
things cell by cell. Current additive processes are limited to 3D printing and 3D
printing is currently limited in material selection, although new processes are being
developed for organ printing, which could radically change bioinspired design [21].
The designers of StickyBot, the gecko inspired robot, understood the biological
mechanism, but lacked the manufacturing capabilities to recreate the shape of the
hairs [15]. The designers creating a fiber structure inspired by cocoons were strug-
gling to find a material that could be deployed by their robotic arm [12]. Although
manufacturing processes and materials limit many projects, their advancement also
enables projects [7]. The development of raspberry-like particles has enabled super-
hydrophobic surfaces with hierarchical structures on the nano scale.
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Synthetic materials also have the disadvantage that they cannot heal, so they have
low durability compared to the organism itself. If someone "did create gecko hair out
of an engineering material, it wouldn't last long. It would break and wear out" [15].
Hairs on biological geckos may break and wear out too, but geckos shed their skin
many times every year and can replace their hair. Superhydrophobic surfaces and
coatings have similar problems. It is difficult to find a material that can replicate the
fine details of the lotus leaf structure and also stand up to industrial environments,
but then again, not even the lotus leaf could do that.
In the case of industrial strength hydroplhobic materials and even cheetah legs, the
synthetic system perform has advantages over the biological one. The MIT Cheetah
"doesn't need to sweat and doesn't need to be protected from temperature changes
and doesn't need to catch prey, so [the] legs are a lot simpler" and "a lot lighter than
animal legs" [15]. For this reason, copying nature exactly, even if designers could,
would not be the best idea. For the best results, designers must optimize and then
design for current engineering materials and manufacturing methods.
4.5 Engineer-Biologist Relationships
Bioinspired design is inherently multi-disciplinary [10]. It requires having an under-
standing of both biological systems and engineering design, and so in many cases,
biologists and engineers end up working together.
Biology literature and engineering literature use very different sets of vocabulary
and it can be a hard transition [11]. Biologists and engineers also have different work
styles. Biologists look at a problem for a few years, but engineers have to create
things quickly, usually within one year [15]. This can make it hard to figure out the
scheduling for projects. Biologists and engineers also have different goals. Biologists
want to know the truth about animals and engineers just want to make their project
work [15].
It would help to bridge these differences if both biologists and engineers made
effort to write plainly, using vocabulary that is more common in everyday language.
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John Bush mentioned that the easy-to-understand and straightforward language was
something he really appreciated about the writings of Steve Vogel, a zoologist. Biol-
ogists are trending towards more quantitative data and engineers find this data very
useful [11]. Joint collaborations, where the engineers help design and build experi-
mental set-ups and biologists make their data available would be a mutually beneficial
relationship [15]. In a joint collaboration, it is important to set multiple goals incor-
porating those of both parties and work out the timeline in advance so the difference
in project time scales does not cause discord.
Engineers engaged in bioinspired design are enthusiastic about having close ties
with biologists or, in the case of the prosthetic knee project, doctors, prosthetists
and neurologists, and are eager to strengthen them [3, 11, 15, 12, 23]. They make
efforts to do this by attending comparative biology conferences, hybrid conferences
that invite both biologists and engineers, as well as attending biology-focused sessions
at engineering conferences [11, 15, 3].
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Chapter 5
Conclusions
Four bioinspired design processes were developed in this thesis. They are:
" Low-Complexity Inspiration-Driven Process
" Low-Complexity Problem-Driven Process
" Complex Inspiration-Driven Process
" Complex Problem-Driven Process
These processes are meant to satisfy the needs of bioinspired projects ranging from
the simple to the complex and from inspiration-driven to problem-driven. They draw
on the steps used by designers of already successfully engineered projects. Processes
for low-complexity system are shown as linear, but iteration is encouraged as needed.
Processes for complex systems are based on the systems engineering V-shape, where
exploration and design are on the left side of the V, testing and reflection are on the
right side and fabrication and iteration are in the center. Problem-driven processes
have checkpoints to verify that bioinspired solutions are worth pursuing. Inspiration-
driven processes focus on doing a literature search before picking a problem, so the
choice can be well informed.
Some steps are repeated in all four processes. These include Additional Learn-
ing/Experimentation, Extract Principles and Fabricate. During the additional Learn-
ing/Experimention step, designers must decide whether biological literature has all
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the information needed or whether first-hand study of the natural phenomenon is
required. If first-hand observation and experimentation is required, the designer will
need to budget time for setting up an apparatus that can visualize the phenomena of
interest and gather meaning for data about it, as well as make allowances for organ-
isms that do not behave as needed. The Extract Principles step requires engineers to
model the phenomena based on the data and then optimize the model rather than
assuming the natural system is already optimized. When fabricating a design, limita-
tions of materials and manufacturing methods can radically change designs or cause
them to fail, but engineering materials also have advantages that can be exploited if
systems are optimized carefully. The discussion of these sub-steps supplements the
bioinspired design processes developed in an effort to guide the bioinspired designer
as much as possible.
This thesis also attempts to guide the bioinspired design engineer in terms of rela-
tionships with biologists by recommending using everyday language to communicate,
as well as setting goals that satisfy both parties in a joint project. As materials and
manufacturing advance, bioinspired design projects will become even more common
and will increasingly create positive change in the world. The design processes set
forth in this thesis are intended to aid in the attainment of successful, impactful
projects.
5.1 Limitations and Future Work
Studying how the processes developed in this thesis are used in real world design would
enable their further refinement and increase their usefulness. It would be interesting
to compare the low-complexity process with the bio-V for complex systems. It could
be that the V-shape process is better for all designers because it has smaller steps
and explicitly states to test and refine each piece.
As mentioned in Section 4.1, many designers engaged in inspiration-driven design
skip the Problem Search step. It would be interesting to see if the designers continued
to do this once the step was explicitly stated and taught to them. The problem search
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step for inspiration-driven projects could be superfluous altogether.
Finally, relationships between biologists and engineers can be fostered through
more conferences that appeal to both audiences and the development of programs
that train students in both biology, especially comparative biology, and engineering.
Having more people that understand both fields will enable more bioinspired design
and encourage more interdisciplinary connections.
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Appendix A
Interview Questions
A.1 Questions for Engineers
" What projects have you worked on that you would consider bio-inspired?
" Which came first the biological inspiration or the problem that needed solving?
" Why did you think the biological thing had a system that could help you?
* How did you first hear about the biological system or organism?
you get a more in-depth understanding?
And how did
" Was a biology inspired solution the first thing you tried? Why?
" How many different biological entities inspired you?
" How did you decide what was worth trying?
" How have you implemented the biological design?
" How did you decide the important components of the biological inspiration?
" What were some of the challenges you dealt with? How did you overcome them?
Were some of these challenges unique to bio-inspired design? Did you develop
any strategies for avoiding these pitfalls in future projects?
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" Does bio-inspiration provoke the discovery of unique metaphors? If so, can you
give an example from personal experience?
" Did any aspect of the biological inspiration ever distract or mislead your re-
search?
" When arriving at your final design, is there anything you wish you had not tried
or had tried earlier?
" Did you talk to any biologists during the course of the project? If so, were those
conversations helpful?
" What advantages does bio-inspired design provide?
" Did you make a discovery that you could not have made without bio-inspiration?
" What recommendations would you make to someone else pursuing a bio-inspired
design?
A.2 Questions for Biophysicists
" What motivates you to study things from nature?
" How do you see others utilizing or building off of your research?
" What problems do you face when trying to model natural things?
" How do you decide what the most important dynamics of a system are?
" Was there ever a time when you over simplified something?
" Was there ever a time a system was too complex to model?
" How do you decide to study a certain creature or phenomenon? And how do
you go about getting a more in-depth understanding?
" Do your models get implemented or utilized in engineering designs? Does that
ever lead to the need to change the model?
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" Does bio-inspiration provoke the discovery of unique metaphors/parallelism?
Can you give an example from personal experience?
" Did you talk to any biologists during the course of the project? If so, were those
conversations helpful?
" What advantages does studying nature provide?
" What recommendations would you make to someone pursuing a bio-inspired
design?
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Appendix B
Quotations
Quotations about scale
"So we created a climbing robot whos legs looked like a spider. It turned out to be a really bad
solution because we didnt realize the difference in scale. Spiders are really small, at least the
climbing spiders are, and we created a much bigger system and then that morphology turned
out to be very bad." [15]
"What that means is small muscles, I think it depends on what metric you are comparing to,
force, power density of muscle scales linearly, but electric motors arent very good well, I would
say they scale differently, so it can be very difficult to create similar size robot that is similar to
animal size because the actuators are so different" [15]
"The biggest problem is the density of the data that is collected and how to scale it to something
that we can actually work with." [12]
"So if we were to scale that into a real structure 1:1 it would be hundreds of kilometers of
material. But I think that there is a good challenge." [12]
"I think thats the biggest challenge in using processes that are inspired by biological processes
is the scale translation." [12]
"the mechanisms you can take advantage of are a function of your scale, and so I think its a
fascinating subject because you have life at all scales and using different mechanisms according
to your scale." [3]
"You have a plant that has these hooks and you reproduce that and mimic that and have a
product and thats a direct translation, but if you want to scale things up, for example, rarely is
it a direct translation." [12]
"For us it is pretty straight forward because we have, the really awesome human body to compare
everything to, so its much easier... and its almost always engineered already way better than
anything we can create. We have this gold standard that we are all trying to match and we can
never do it... at least not yet." [23]
"The optimization changes according to the scale because different forces become important." [3]
Table B.1: The consensus is that designs on the same scale as the inspiration are
easier to implement.
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Quotations about visualizing organisms
"So that was our first problem. How do you visualize what they are doing when they are
underground. Thats already an engineering problem to figure out how do you see through these
substrates." [11]
"If you try to film how they do something and then they do something else, so if you are doing
something on a high-speed camera you have a very small focal plane and they can easily move
out of it." [3]
"we are actually observing and tracking silkworms and looking at how they make their cocoon
and using that as sort of, in part inspiration and in part in understanding the logic of how we
may build with fiber because the worm builds with fiber." [12]
"We are also doing SEM imaging and CT scanning of the individual cocoons to also inform how
something in nature build with fiber based material." [12]
"The bio-mech walk. Like when youre trying to figure out how am I going to make a knee.
What does a knee do? Once or twice a day someone will be doing the bio-mech walk. Youll find
that most of the students at some point will get up and like [walks around looking at his knee].
How do I work?" [23]
Table B.2: Many designers who were interviewed mentioned visualizing organisms.
Some noted it as particularly difficult.
Quotations about extracting data
"The scapula is a six degree of freedom joint and its hard to track, so we dont exactly know
which point is the center of rotation" [15]
"getting detailed dynamics from animal is very difficult" [15]
"If you just need kinematics, like if you just need to know how much the shape is changing then
its fine. Once you've visualized then you have that, but if you need something like measurements
of forces or something like that, then here again it gets tricky." [11]
"It does more movement that actually lay down fibers, so the movement is not directly what
the fiber is. Theres a slight translation problem there, but at the same time as we are looking
mainly at the distribution, its not such a problem" [12]
"we know too little about the animal. A lot of the process in design is done through our
speculation, not based on proven data."[15]
"The data is created by nature and then the computer steps in and, we as humans step in and
use that data to make something." [12]
Table B.3: Many designers who were interviewed mentioned the struggle of gathering
meaningful data.
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